Introduction
Cryopreservation of ovarian cortex is useful for fertility preservation in prepubertal and adolescent cancer patients who are undergoing chemotherapy or radiotherapy and patients at risk of losing their ovarian function as a result of surgery (Schmidt et al. 2010 , Donnez & Dolmans 2013 . Currently, autografting of cryopreserved ovarian cortex is applicable in the clinics. Cryopreservation together with autotransplantation of cortical tissues has reportedly resulted in the birth of 30 babies since 2004 (Donnez & Dolmans 2013) . Even though restored ovarian endocrine function has been reported, the rate of success of this procedure is not clear as the total number of patients for whom this method has been used is unknown (Wallace et al. 2014) . The ovarian cortex contains a large number of primordial follicles that are resistant to the adverse effects of freezing and thawing processes (Feigin et al. 2008 , Salama et al. 2013 and plays a major role in the success of ovarian cortex autotransplantation. However, the number of available primordial follicles may be affected by several factors including ovarian cortex size, age, previous chemotherapy and different types of malignancies (Titus et al. 2013) . One major problem usually encountered in frozen-thawed ovarian cortical grafts is the risk of re-seeding malignancies (Abir et al. 2010b) . These limitations could be overcome by the in vitro development of the isolated primordial follicles into mature follicles in a well-designed culture system (Picton et al. 2008 , Fabbri et al. 2009 ). In vitro development of mouse primordial follicles has already been reported and used for the production of embryo and subsequent birth of pups (Eppig & O'Brien 1996 , Li et al. 2010 . However, it is difficult to apply this culture method to higher animals and humans due to the differences in anatomical and physical characteristics of the ovary. Some studies have experimented on the most important factors involved in primordial follicles activation and development to optimize this in vitro culture system (Kedem et al. 2011 , McLaughlin et al. 2014 . One of the possible candidates for this role is vascular endothelial growth factor A (VEGFA).
VEGFA is a growth factor, which stimulates the proliferation, migration and survival of endothelial cells for vascular formation (Araújo et al. 2013) . In humans, at least eight VEGFA isoforms including VEGFA 121, VEGFA 148, VEGFA 165, VEGFA 165b, VEGFA 145, VEGFA 183, VEGFA 189 and VEGFA 206 have been found to be produced by alternative splicing of the VEGFA mRNA (Cui et al. 2004) . VEGFA 121 and VEGFA 165 are the two major isoforms of VEGFA, but VEGFA 165 is the most biologically active and abundant in humans (Abir et al. 2010a) . However, in other species, it has been found that VEGFA is one amino acid shorter compared with that of humans (Redmer et al. 1996) . VEGFA has also been found to induce the proliferation of other cells such as spermatogonial stem cell (SSC) (VEGFA 164 and 165b) (Caires et al. 2011) and breast cancer cells (VEGFA 165 and 121) (Liang et al. 2006) . VEGFA exerts its effects via two tyrosine kinase receptors: FLT1 (VEGFR1) and KDR (VEGFR2) (Ferrara 2004) . VEGFA and its receptors (VEGFR1 and VEGFR2) are expressed in granulosa cells of all follicle stages and theca cells of mature follicles in rats ). Moreover, addition of proangiogenic isoform VEGFA 164 to the culture medium of perinatal rat ovaries, and the neutralization of the antiangiogenic isoforms via treatment with a VEGFAxxxB antibody (xxx indicates varying lengths) decreased the percentage of primordial follicles and increased the proportion of developing follicles. However, the neutralization of the antiangiogenic isoform was more effective than the supplementation with proangiogenic isoforms ). VEGFA 165, VEGFA 121, VEGFA 189 and their receptor were detected in granulosa and theca cells of secondary bovine follicles with varying levels of expression. Supplementation of the culture medium of the bovine follicles with VEGFA 165 induced the development of primary to secondary follicles in vitro (Yang & Fortune 2007) . In another study, VEGFA 165 in treated goat follicles induced the development of secondary follicles and improved the progression of oocyte meiosis to metaphase II stage (Araújo et al. 2011) . In vivo VEGFA inhibitor has been found to decrease the endothelial cell proliferation in theca layer and prevent the formation of antrum in primates follicles (Taylor et al. 2007) . VEGFA concentration continuously increased during the development of primate follicle in a culture media (Fisher et al. 2013) . In humans, VEGFA165, VEGFA121, VEGFA189 and its receptors' mRNA and proteins have been found in preantral follicles (Abir et al. 2010a) .
The in vitro growth of ovarian follicles and maturation depend on several parameters. Reactive oxygen species (ROS) play important roles in in vitro follicular growth and maturation (Agarwal & Allamaneni 2004 , WienerMegnazi et al. 2004 . Reactive oxygen species such as hydrogen peroxide, superoxide anion and hydroxyl radicals are generated during normal cellular activity 232:2 and metabolism (Turrens 2003) . ROS play a fundamental role in intracellular pathways, which involve several reproductive physiological functions including the maturation of follicles and oocyte, ovulation, ovarian steroidogenesis, fertilization, embryo development and pregnancy (Agarwal et al. 2005 , Fujii et al. 2005 ). Overproduction of ROS or imbalance between ROS levels and antioxidant defense system can also lead to cell injury and apoptosis (Finkel 2011 , Asadi et al. 2013 . ROS generation is stimulated during ovarian tissue cryopreservation (Abedelahi et al. 2010) , and it is a primary mechanism that causes DNA damage during freezing-thawing process (Tremellen 2008) . Moreover, reactive oxygen species may lead to polyunsaturated fatty acid (PUFA) peroxidation, protein and cellular damage (Ergüder et al. 2005 , Pajovic & Saicic 2008 and preovulatory follicle apoptosis (Tsai-Turton & Luderer 2006) . Enzymatic antioxidants such as superoxide dismutase (SOD), catalase, glutathione peroxidase and glutathione reductase, and non-enzymatic scavengers like albumin, taurine, urates and ascorbate convert ROS to H 2 O, which inhibits the excessive production of ROS and play protective roles against damages caused by ROS (Van Langendonckt et al. 2002) . The level of total antioxidant capacity (TAC) in follicular fluid positively correlated with the rate of pregnancy in the subjects undergoing IVF. Also, baseline level of TAC was notably increased in follicular fluids of follicles whose oocytes were consequently fertilized. Fetuin is the most abundant glycoprotein constituent of fetal blood and body fluids produced by hepatocytes of the liver (Arnaud & Kalabay 2002) . It has been documented that human follicular fluid contains significant quantities of fetuin (Kalab et al. 1993) , and granulosa cells of growing and large follicles may release fetuin to maintain zona pellucida fluidity (Høyer et al. 2001) . It has been reported that fetuin prevents zona pellucida (ZP) hardening via its protease inhibitor function in mouse and equine (Ducibella et al. 1988 , Dell'Aquila et al. 1999 . Recently, studies have shown that addition of fetuin to freezing-thawing medium leads to a reduction in malondialdehyde (MDA) formation and an increase in superoxide dismutase and glutathione peroxidase antioxidant activities and membrane integrity of bull spermatozoa (Sarıözkan et al. 2015a,b) .
To the best of our knowledge, there are no reports of the effects of VEGFA 165 and fetuin supplementation on the in vitro culture of frozen-thawed human ovarian cortical fragments. The purpose of this study was to fill this gap by evaluating the effects of VEGFA 165 and/or fetuin on in vitro human follicle development and survival, steroid hormone production, ROS and lipid peroxidation levels, total antioxidant capacity and the expression of developmental and antioxidant genes during in vitro culture of human frozen-thawed ovarian cortical fragments.
Materials and methods

Ethical approval
This study was ethically approved by the Ethics Committee of Tehran University of Medical Sciences. All patients signed written informed consent.
Ovarian cortical tissue collection
Ovarian cortical tissues were obtained as small biopsy pieces approximately 7-10 × 7-10 mm with a changeable thickness from 14 patients who were undergoing planned Caesarean section. The mean age of the women was 32.4 ± 3.7 with a range between 24 and 38 years.
Tissue preparation
All chemicals applied in this study were obtained from Sigma-Aldrich unless otherwise indicated. The ovarian cortex biopsies were collected and placed in sterile, labeled specimen containers containing 10 mL of Leibovitz medium (GIBCO) supplemented with sodium pyruvate (2 mM), glutamine (2 mM), human serum albumin (HSA) (3 mg/mL), penicillin G (75 mg/mL), streptomycin (50 mg/mL) and ascorbic acid (50 mg/mL). The samples were transferred to the laboratory on ice within 45 min. In the laboratory, the ovarian tissues were placed into an organ culture dish (Becton Dickinson, Franklin Lakes, NJ, USA) containing fresh medium with supplements as described previously. Under laminar flow conditions, cortical tissues were gently stretched by the blunt edge of a scalpel blade. After removal of the medulla, the cortical tissues were cut into small fragments of 1-1.5 mm 2 with 0.5 mm thickness. The pieces were then transferred to a freezing-thawing medium for cryopreservation.
Vitrification
The vitrification procedure was performed as described in the previous article of our group (Khosravi et al. 2013) . The vitrification method for the cortical ovarian tissue samples included two vitrification solutions (VSs). Ovarian cortical fragments were first transferred into VS 1 containing 7.5% dimethyl sulfoxide (DMSO) and 7.5% ethylene glycol (EG) in HTCM (TCM-199 with HEPESbuffer, GIBCO) supplemented with 10% human serum albumin (HSA) (Life Global, Guelph, Ontario, Canada) for 15 min at room temperature. They were subsequently transferred into VS 2 containing 15% DMSO, 15% EG, 2.5% polyvinylpyrrolidone (PVP) and 10% HSA with 0.5 mol/L sucrose in HTCM for 7 min or until all strips descended to the bottom of the container. After vitrification, the ovarian strips were plunged into liquid nitrogen using stainless steel mesh as the carrier device. Ovarian pieces were then placed into a 1.8 mL cryovial pre-filled with liquid nitrogen and stored in a liquid nitrogen tank for one week.
Warming
After cryopreservation, the ovarian cortical pieces were instantly transferred into pre-warmed (37°C) HTCM solution supplemented with 10% HSA and 1.0 mol/L sucrose for 3 min. The samples were then incubated in HTCM solution supplemented with 10% HSA and 0.5, 0.25 or 0.125 mol/L sucrose, in a respective order. The incubation time was 5 min each at room temperature. Subsequently, they were washed twice with HTCM supplemented with 10% HSA for 10 min. Two ovarian cortical pieces were selected from each participant as uncultured freeze controls and were fixed immediately in Bouin's solution for histological evaluation (Fig. 1) .
Cortical tissue culture
The vitrified-warmed ovarian cortical pieces from each sample were divided randomly into four groups. They were then placed into 24-well cell culture plates (Corning B.V. Life Sciences Europe) containing the basic culture medium consisting of 300 µL of McCoy's 5a medium with bicarbonate supplemented with HEPES (25 mM), HSA (0.1%), glutamine (3 mM), penicillin G (0.1 mg/mL), streptomycin (0.1 mg/mL), transferrin (2.5 µg/mL), selenium (4 ng/mL), insulin (10 ng/mL) and ascorbic acid (50 µg/mL). In the control group, the culture plates contained only the basic culture medium. The treatment groups were as follows: basic culture medium + bovine fetuin (10 mg) (Sarıözkan et al. 2015a) , basic culture medium + human VEGFA 165 (100 ng) (Araújo et al. 2014) and basic culture medium + bovine fetuin and human VEGFA 165. Cortical fragments were cultured for six days and incubated at 37°C in 5% CO 2 (Fig. 1) . Approximately half of the culture medium was exchanged with fresh culture medium every two days, and the spent medium samples were collected from all cultures and stored at −80°C for 17-estradiol (E2) and progesterone (P4) quantification. At the end of the culture period, the ovarian cortical tissues were collected for further processing.
Histological analysis
From the ovarian cortical tissue samples obtained from each participant, two fragments at day 0 after thawing, and two fragments from each culture group, were Figure 1 Experimental design of the study.
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randomly fixed in Bouin's solution for 24 h and then dehydrated in ascending concentrations of ethanol (70-100%). The fixed tissues were embedded in paraffin wax. Serial sections of 5 µm thickness were carried out, and every 10th section of each sample was mounted on a glass slide. After deparrafination and hydration, the slides were stained with hematoxylin-eosin stain and then evaluated under a light microscope (Nikon). To avoid double counting, the follicles were counted only when they were focused on one plane and only follicles displaying oocytes were counted. Based on the number of layers and morphology of the granulosa cells surrounding the oocytes, the developmental stages of the follicles were classified into the following categories (Gougeon 1986 , 1996 , McLaughlin et al. 2014 
Assessment of follicular viability
From the ovarian cortical tissue samples obtained from each participant, one fragment from each sample at the beginning of the culture period (at day 0), and one fragment from each culture group at the end of the culture period (at day 6) were selected for follicle viability assessment using calcein-AM/ethidium homodimer-1 staining (Invitrogen). Ovarian cortical fragments were briefly transferred to 1 mL of McCoy's 5a medium supplemented with 5 μM ethidium homodimer-1 and 2 μM calcein-AM and incubated for 1 h at 37°C in 5% CO 2 . After incubation, the fragments were placed in 2 μM calcein-AM and 5 μM ethidium homodimer-1/DPBS solution supplemented with 6-8 mg/mL collagenase type 1A for 1 h at 37°C. Also, gentle pipetting was done every 15 min. The reaction was ended by the addition of cold DPBS supplemented with 10% serum supplement substitute at room temperature 232:2 (Martinez-Madrid et al. 2004 , Liebenthron et al. 2013 . Calcein-AM is cleaved by intracellular esterase enzymes in viable cells, and ethidium homodimer-1 binds to the DNA of non-viable cells after plasma membrane damage. A follicle was classified as viable if the oocyte and its surrounding granulosa cells were stained with calcein-AM (green) and dead if chromatin was labeled with ethidium homodimer-1 (bright red). Due to the non-uniform distribution of follicles within the ovarian cortex (Kedem et al. 2011) , 5-23 follicles in all fields were evaluated for each ovarian piece (Fujihara et al. 2014) . Viable follicles were detected using fluorescence microscopy (Nikon, Eclipse80i). The emitted fluorescent signals of calcein-AM and ethidium homodimer were detected at 488 and 568 nm, respectively.
Steroid hormone assay
During the culture period at days 2, 4 and 6, spent media were collected and stored at −80°C for subsequent 17 beta-estradiol and progesterone quantification. 17 betaestradiol and progesterone levels were evaluated using 17 beta-estradiol ELISA kit (Abcam) and progesterone ELISA kit (Abcam), respectively, according to the manufacturer's instructions. Absorbance was calculated at 450 nm. The analytical sensitivity of the assay was 8.68 pg/mL (assay range, 20-2000 pg/mL) for 17 beta-estradiol and 0.05 ng/mL (assay range, 0.2-40 ng/mL) for progesterone.
ROS levels
Intracellular ROS levels were measured by a spectrofluorimetric method using 2′,7′-dihydrodichlorofluorescein diacetate (DCHF-DA) assay. From the ovarian cortical tissue samples obtained from each patient, one fragment from each group with the same weight at day 6 of the culture period was selected for ROS assay. Ovarian tissues were homogenized on ice using 50 mM Tris-HCl at pH 7.5 and then sonicated at 50 W for 1 min. The homogenate was centrifuged at 3000 g for 10 min at 4°C, and the pellet was discarded. The supernatants were separated and used for ROS levels assay. In this regard, the supernatants were incubated with DCHF-DA (0.5 mM) for 30 min in the dark, and the oxidation of DCHF-DA to fluorescent dichlorofluorescein was measured for the detection of intracellular ROS. After the incubation, DCF fluorescence intensity emission was assessed at 520 nm (with 480 nm excitation) using spectrofluorimeter (Carvalho et al. 2014) .
Total antioxidant capacity assay
TAC level was evaluated based on the Trolox equivalent antioxidant capacity (TEAC) method. From the ovarian cortical tissue samples obtained from each patient, one fragment from each group at day 6 of the culture period was selected for TAC assay. Ovarian pieces with the same weight were homogenized, and 10 μL of the supernatant was used for TEAC evaluation. The TEAC level was measured according to the method by Re and coworkers (Re et al. 1999) . A fresh solution was briefly made by dissolving 19.5 mg of 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid diammonium (ABTS) and 3.3 mg of potassium persulphate in 7 mL of 0.1 mol/L phosphate buffer at pH 7.4. The solution was kept in a dark place for 12 h for the completion of the reaction. ABTS + solution was diluted in 0.1 mol/L phosphate buffer to give an absorbance reading of 1.0 at 734 nm. The samples were mixed with the ABTS + solution, and the absorbance was evaluated twice in a spectrophotometer (Thermo Electron Corporation Genesys 10 u.v., Madison, WI, USA) at 734 nm for 3 min. The extension of discoloration was considered an index of total antioxidant activity of the sample. The TEAC level was calculated using Trolox as a standard (Re et al. 1999 , Manca et al. 2014 .
Measurement of lipid peroxidation
The degree of lipid peroxidation of the ovarian fragments was determined by the evaluation of MDA levels produced from polyunsaturated fatty acids breakdown using thiobarbituric acid. From the ovarian cortical tissue samples obtained from each patient, one fragment from each group with the same weight at day 6 of the culture period was selected for MDA assay. After the ovarian tissues had been homogenized, the supernatant was incubated for 3 h at 95°C in a 1.5 mL of 20% acetic acid solution containing 0.27 M HCl and 1.5 L of 0.8% thiobarbituric acid (TBA) solution. Absorbance was calculated using a plate reader at 532 nm to determine the MDA levels (Luz et al. 2012) .
RNA extraction
From the ovarian cortical tissue samples obtained from each participant, one fragment from each group at day 6 of the culture period was selected for RNA extraction. Total ovarian tissue RNA was extracted using TRIzol reagent (Life Technology). The RNA samples were treated with DNase to prevent possible DNA contamination. Chloroform 232:2 was added to the homogenates and centrifuged at 4°C to obtain RNA fractions (supernatants). The solution was supplemented with phenol-chloroform-isoamyl alcohol and centrifuged again at 4°C. Isopropanol was added to the solution and stored overnight at −20°C. After the overnight storage, the solution was centrifuged at 4°C to obtain the RNA pellet. Finally, ethanol (75%) was added for stabilization of the pellet, which was then suspended in RNase-free diethylpyrocarbonate-treated water. The samples were stored at −80°C until real-time PCR was performed (Abir et al. 2009 (Abir et al. , 2010a .
cDNA synthesis
Reverse transcription (RT) was performed using cDNA Synthesis Kit (BioRad Laboratories) by the manufacturer's instructions. 10 µL total RNA was mixed with oligo(dT) and random hexamers and DEPC-treated distilled water to obtain a final volume of 20 µL. In the negative controls, RNA or the RT enzymes were not used. Reverse-transcribed cDNA was diluted to 2:5 with DEPC-treated water and kept at −80°C until real-time PCR was performed.
Real-time PCR was carried out using LightCycler 480 (Roche Diagnostics). PCR primer sequences are showed in Table 1 . Amplification reactions were done in a final volume of 15 µL including 2 µL cDNAs, 7.5 µL SYBR Green PCR Master Mix 2X (Roche Diagnostics) and 0.6 mM forward and reverse gene-specific primers. The thermal cycling profile was as follows: 95°C for 10 min followed by 55 cycles at 95°C for 10 s and 60°C for 30 s. For the quantification, standard curves were generated by amplifying serial dilutions of each amplicon. The specificity of the PCR products were checked by the melting curve analysis performed after the amplification cycles and was further confirmed by sequencing the amplicons. Ribosomal protein L19 (RPL19) and GAPDH were used as housekeeping genes for the normalization of gene expression.
Statistical analysis
Data were analyzed using SPSS software (version 18). Data were tested for normality analysis of the parameters with Kolmogorov-Smirnov test. One-way ANOVA was used to compare the mean values across groups, followed by Tukey's or Tamhane's tests. The results are given as mean ± standard deviation (s.d.). Non-parametric statistical analysis was also performed as some of the experimental groups did not show normal distribution. The Kruskal-Wallis test was performed for multiple-group analysis, and Mann-Whitney test was also performed for two group analysis. In this study, differences with a P value <0.05 were considered as significant.
Results
Stage of follicle development in histologic sections and viability
A total of 917 follicles from 140 fragments of fourteen patients were classified by H&E staining under a light microscope in all groups. Histological analysis revealed follicles at all developmental stages in both the non-culture and culture (VEGFA 165 and/or fetuin) groups (images can be seen in Fig. 2 ). In the frozen-thawed non-culture group, the following follicles were recognized; 78.1% resting follicles, 10.2% primary growing follicles, 2.3% secondary growing follicles and 9.4% atretic follicles. After 6 days of culture, the percentage of resting follicles showed a dramatic reduction in the culture groups compared with that of the frozen-thawed non-culture group (KruskalWallis, P < 0.001). The percentage of resting follicles was also significantly reduced in the VEGFA 165 and VEGFA 165 + fetuin groups compared with the control group. In the case of primary growing follicles, the percentage was notably higher in all the culture groups compared with that of the frozen-thawed non-culture group (Kruskal-Wallis, P < 0.01). There was no significant difference between the culture groups in the percentage of primary growing follicles. The percentages of secondary growing and atretic follicles were also increased in the cultured groups compared with the frozen-thawed uncultured group (Kruskal-Wallis, P < 0.001 and P = 0.001, respectively). Our results indicate a significant increase in the percentage of secondary growing follicles in the VEGFA 165 and VEGFA 165 + fetuin groups compared with the control. From the histological evaluation, we observed that the percentage of atretic follicles significantly decreased in the culture groups supplemented with fetuin and fetuin + VEGFA 165 compared with the control group (Fig. 3) . This result was confirmed by the percentage (number of viable follicles/number of total follicles (viable + dead)) of viable follicles, which was evaluated using calcein-AM/ethidium homodimer staining (Kruskal-Wallis, P < 0.01). The effects of the different supplementations on follicular viability are shown in Fig. 4 . Calcein-AM/ethidium homodimer staining results show lower level of viable follicles in the culture groups after 6 days of culture compared to the non-culture group, although the percentage of viable follicles was remarkably lower in the control and the VEGFA 165-supplemented groups compared with the non-culture group. Furthermore, we found a significant improvement Figure 3 Percentage of follicles at each stage of development in the ovarian fragments treated with VEGFA 165 and/or fetuin, control and the uncultured groups. The data have been given as median values (25th, 75th percentile). # P < 0.05 vs uncultured group, ## P < 0.01 vs uncultured group, ### P < 0.001 vs uncultured group. *P < 0.05 vs control group, **P < 0.01 vs control group, ***P < 0.001 vs control group.
Figure 4
Comparison of the viability (percentage of viable follicles as determined by calcein-AM/ethidium homodimer staining) of ovarian cortical fragments between uncultured, fetuin-treated, VEGFA 165-treated, VEGFA 165 + fetuin-treated groups and the control group. The data have been given as median values (25th, 75th percentile).
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in viability in the fetuin and VEGFA 165 + fetuin groups compared with the control group (Fig. 5) .
Sex steroid secretion
17β-estradiol (E2) and progesterone (P4) concentrations in the culture medium of ovarian cortical fragments from the different groups are shown in Table 2 . We observed a gradual increase in E2 and P4 levels in all groups during the culture period. We also observed that E2 concentration was considerably higher in the VEGFA 165 group at day six (P < 0.05) and from day four in the VEGFA 165 + fetuin group compared with the control group (P < 0.05 at day 4 and P < 0.01 at day 6). Even though E2 level was increased in the fetuin group compared with the control group at days 2, 4 and 6, their differences were not significant (P > 0.05). Our ELISA result indicates that P4 concentration remarkably increased in the VEGFA 165 group compared with the control group at days 4 and 6 (P < 0.05 and P < 0.01, respectively). In spite of the enhancement of P4 concentration in the other groups during the culture period, we could not find any significant relation when the VEGFA 165 + fetuin and fetuin groups were compared with the control group (P > 0.05) ( Table 2) .
Oxidative stress evaluation
ROS levels in the ovarian fragments in all groups after 6 days of culture are indicated in Fig. 6 . We observed that ROS levels was significantly lower in the VEGFA 165 + fetuin and fetuin groups compared with the control group (P = 0.001 and P < 0.05, respectively). There was no significant difference in this value between the VEGFA 165 and control groups (P > 0.05). We observed similar results when the levels of malondialdehyde (marker of lipid peroxidation) in treatment groups were compared with the control group (Fig. 7) . Malondialdehyde levels were found to be lower in the VEGFA 165 + fetuin and fetuin groups compared with the control group (P < 0.001 and P < 0.05, respectively). We did not find any significant change in the level of lipid peroxidation between the VEGFA 165 group and the control (P > 0.05).
Total antioxidant capacity levels
As shown in Fig. 8 , addition of only fetuin or in combination with VEGFA 165 to the culture medium notably increased the total antioxidant capacity in the ovarian fragments compared with the control group (P = 0.001 and P < 0.05, respectively). However, supplementation of the culture medium with only VEGFA 165 had no significant effect on the total antioxidant capacity compared with the control group (P > 0.05).
Developmental and antioxidant gene expression levels
From the results of gene expression analysis, GDF9 and BMP15 mRNA expression in the ovarian fragments were found to be significantly increased over the culture period in all the treatment groups compared with the control group. We also observed an increased level of INHB mRNA expressions in all the treatment groups compared with the control, but the difference was not significant in the fetuin group. Antioxidant gene expression analysis showed a notably higher level of SOD1 and CAT mRNAs in the VEGFA 165 + fetuin and fetuin groups compared with the control group. We did not find any significant change in the level of expression of the other antioxidant genes in the treatment groups compared with control group (Fig. 9 ).
Discussion
For the first time, this study has shown that the addition of only VEGFA 165 or in combination with fetuin to a culture medium could lead to resting follicle activation and increased number of growing follicles in human ovarian cortical fragments. In the group supplemented with VEGFA 165, we found a significant increase in the concentration of 17β-estradiol at day 6 and progesterone from day 4 of the culture period. In the group supplemented with a combination of VEGFA 165 and fetuin, the level of 17β-estradiol was enhanced from day 4 of the culture period. We also observed that the levels of mRNA of follicle development genes BMP15, GDF9 and INHB were increased in all the treatment groups. A higher level of total antioxidant capacity, lower levels of ROS and lipid peroxidation and increased number of viable follicles were observed in the fetuin and fetuin + VEGFA 165 groups at the end of the culture period. Moreover, the
Figure 6
Effects of the supplementation with VEGFA 165, fetuin or both during in vitro culture of human frozen-thawed ovarian cortical fragments on reactive oxygen species (ROS) status. All data are given as mean values ± s.d. *P < 0.05 vs control group, **P < 0.01 vs control group.
Figure 7
Comparison of malondialdehyde (MDA indicator of lipid peroxidation) levels in human ovarian cortical fragments between VEGFA 165, fetuin and both supplemented groups and the control group. All data are mean values ± s.d. *P < 0.05 vs control group, **P < 0.01 vs control group.
Figure 8
Effects of the supplementation of the culture medium with VEGFA 165, fetuin or both on total antioxidant capacity (TAC) levels of human ovarian cortical fragments. All data are given as mean values ± s.d. *P < 0.05 vs control group, **P < 0.01 vs control group.
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level of expression of SOD1 and CAT genes were notably higher under the influence of only fetuin or in combination with VEGFA 165 after 6 days of culture of ovarian cortical fragments. Previous studies have shown that vascular endothelial growth factor A is involved in primordial follicle activation and development in rats ) and dogs (Abdel-Ghani et al. 2014 ). Yang and coworkers also reported that VEGFA 165 induces the transition of primary to secondary follicles in bovine (Yang & Fortune 2007) . Some studies have suggested that VEGFA 165 could stimulate the growth of primordial and preantral follicles through increased cell permeability and transfer of nutrition, gonadotropins, growth factors, steroids and oxygen, which are essential factors for the growth of follicles both in vivo and in vitro. Also, VEGFA 165 directly induces follicles development via its receptors expressed in theca and granulosa cells (Yang & Fortune 2007 , Araújo et al. 2011 . Abir and coworkers indicated that VEGFA protein and its receptors are expressed in human oocytes, granulosa cells and stroma cells in primordial follicles (Abir et al. 2010a) . In agreement with the results of Abir and coworkers, the results of our study show that the addition of VEGFA 165 to the culture medium led to the activation of resting follicles and increased the percentage of secondary growing follicles after 6 days of culture. It seems that in human primordial follicles, VEGFA 165 activates follicle maturation via the same mechanism previously explained for the other species.
Although we did not find any significant change in the percentage of viable follicles in the VEGFA 165 supplemented group compared with the control group, the proportion of viable growing follicles was increased in the presence of VEGFA 165. Our findings are consistent with the results of Yang and coworkers who reported that the addition of VEGFA 165 at concentrations 0, 1, 10 or 100 ng/mL to culture medium had no significant effect on the number of primordial and primary healthy follicles in bovine, but the number of secondary viable follicles were increased in all the treatment groups (Yang & Fortune 2007) . Araújo and coworkers also indicated that VEGFA 165 increased the rate of healthy follicles and oocyte viability after 18-day culture period in preantral follicles (≥150 µm in diameter) (Araújo et al. 2011) . It seems that the effects of VEGFA 165 on the viability of the follicle increases as the follicle develops and might be associated with the classic role of VEGFA 165 in angiogenesis of large follicle.
We observed the highest level of expression of GDF9, BMP15 and INHB genes during the culture period in the VEGFA 165 + fetuin group compared with the other groups. However, the level of expression of these genes, increased in all the treatment groups compared with the control group, though in the expression of INHB gene, the difference between the group supplemented with only fetuin and the control was not statistically significant. These results are consistent with a previous study, which reported that GDF9 and BMP15 play a major role in early Figure 9 Relative gene expression levels characterized by real-time PCR. At day 6 of culture, GDF9 and BMP15 expressions were significantly upregulated in the ovarian cortical tissues of the VEGFA 165 and/or fetuin groups. Expression of INHB increased significantly in the groups cultured with VEGFA 165 and VEGFA 165 + fetuin. SOD2 and CAT expression increased markedly over the culture period in the fetuin and VEGFA 165 + fetuin groups. Although SOD2, GPX1, GSTA3 and GSR expression levels were not significant in the treatment groups compared with the control. All data are given as mean values ± s.e.m. *P < 0.05 vs control group, ***P < 0.001 vs control group.
follicle growth and improve the viability of follicular cells (Knight & Glister 2006 , Sadeu & Smitz 2008 . In a similar study, Kedem and coworkers indicated that both GDF9 and BMP15 stimulate the activation of human primordial follicles in vitro, but GDF9 is more effective than BMP15, and its expression level was found to be related to that of E2 (Kedem et al. 2011 ). Liebenthron and coworkers also reported that the expression of GDF9 and INHB genes was significantly increased in human cortical fragments during a culture period in fluidic culture system (Liebenthron et al. 2013) .
The results obtained in our study indicate that VEGFA 165 can improve the activation of resting follicles and increase the percentage of secondary growing follicles during culture, but the results were more remarkable in the presence of VEGFA 165 + fetuin than in the VEGFA 165 group. We speculate that these results are related to fetuin's positive effects on ROS reduction and enhancement of TAC levels in ovarian cortical fragments during the culture period. There is a complicated interaction between antioxidants and pro-oxidants, which results in intracellular homeostasis maintenance. Disturbances in the intracellular homeostasis due to ROS overproduction or lack of antioxidant lead to cell injuries (Agarwal et al. 2005) . Previous studies have suggested that oxidative stress may affect oocyte maturation, folliculogenesis (Behrman et al. 2001 ) and apoptosis of follicular cells (Tsai-Turton & Luderer 2006) , and it is associated with ovarian follicle aging (Tatone et al. 2008) .
Although antioxidant ability of fetuin has been reported previously (Sarıözkan et al. 2015a,b) , its role in improving human follicular cells quality during culture is still undefined. In view of these, we investigated the changes in ROS levels, TAC, lipid peroxidation status and viability of follicles to evaluate the potential ability of the combination of fetuin and VEGFA 165 in regulating the survival and development of human follicles during the culture of frozen-thawed ovarian cortical tissues. In the present study, we found that fetuin reduces ROS levels in ovarian cortical tissues during the culture period. The results of the present study also indicate that fetuin can enhance TAC levels and also prevent the formation of MDA, which is an indicator of the detrimental effect of ROS on polyunsaturated fatty acid in cell membranes. These findings are in agreement with the observations of Sarıözkan and coworkers who indicated that supplementation of sperm freezing medium with fetuin or a combination of fetuin and hyaluronan decreased ROS levels and MDA formation in frozen-thawed spermatozoa (Sarıözkan et al. 2015b ). Sarıözkan and coworkers in another study showed that addition of fetuin (10 mg) to freezing solution increases superoxide dismutase and glutathione peroxidase activity in post-thawed bull spermatozoa. The hypo-osmotic swelling test results (sperm viability test) in their study suggest that there was a higher level of viable cells (intact membrane) in the presence of fetuin (10 mg) compared with the non-treated group (Sarıözkan et al. 2015a) . Consistent with their results, we observed that fetuin notably increased the percentage of viable follicles during the culture period.
The increase in SOD1 and CAT gene expression observed in our study associated well with ROS and lipid peroxidation reduction in the ovarian cortical fragments in the presence of fetuin or a combination of fetuin and VEGFA 165. SOD converts superoxide anion radicals to oxygen and peroxide hydrogen, and catalase catalyzes the conversion of H 2 O 2 into H 2 O thereby inhibiting oocytes and granulosa cell membrane damage resulting from these toxic anions. Based on our findings, high antioxidant genes expression level and total antioxidant capacity and low ROS and lipid peroxidation levels in human ovarian cortical fragments can be achieved when fetuin is added to culture medium. It seems likely that these positive effects are as the results of the antioxidant activity of fetuin (Sarıözkan et al. 2015a,b) .
Although the levels of expression of the antioxidant genes (SOD2, GPX1, GSTA3 and GSR) were increased in the fetuin-treated group, the differences were not significant compared with the control. Probably prolonged culture period or high fetuin doses are required to stimulate higher expression of SOD2, GPX1, GSTA3 and GSR in ovarian fragments. Moreover, El Mouatassim and coworkers reported that glutathione peroxidase and MnSOD (SOD 2 ) are expressed in metaphase II of oocytes, and they believe that these antioxidants are the markers of cytoplasmic maturation (El Mouatassim et al. 1999) . Other studies have suggested that SOD 1 rather plays important role in ovarian function in contrast to SOD 2 (Tilly & Tilly 1995 , Matzuk et al. 1998 . In another study conducted by El-Shahat and coworkers, the concentrations of GSH and glutathione reductase in the follicular fluid of large follicles were higher than those of small follicles at the luteal phase of buffaloes. On the other hand, they reported that SOD concentration was higher in small follicles as compared to large follicles at the luteal phase (El-Shahat & Kandil 2012) . We suspect that the developmental stages of follicles in ovarian cortex influence the expression levels of SOD 2 , GPX 1 , GSTA 3 and GSR genes in a culture system. Further studies are required to evaluate and clarify it.
The concentration of steroid hormones is another important factor related to follicle development. It has been established that E2 is an indicator of follicle maturity. E2 concentration is enhanced with the differentiation stage of follicles and the number of granulosa cells (Carlsson et al. 2006) ; however, the influence of progesterone on follicle development is yet unknown. It seems likely that increased progesterone levels in the early stages of follicle development could be an indicator of premature luteinization caused by oxidative stress (Xu et al. 2009 ). In the same study, the authors reported that conventional culture system led to increased progesterone level, which is a marker of premature follicle development. They suggested that the cause of the premature follicle luteinization might be related to the accumulation of toxic factors inside the culture medium or cultured tissues in this culture system compared to fluidical culture system (Liebenthron et al. 2013) . In support of these findings, the results of the present study show that steroid hormones are enhanced regularly during a culture period. 17β-estradiol level was significantly increased at day 6 in the group supplemented with VEGFA 165. However, high level of 17β-estradiol was observed in the group treated with a combination of fetuin and VEGFA 165 from day 4. In view of these findings, we speculate that the increase in 17β-estradiol level in the group treated with VEGFA 165 + fetuin is associated with resting follicle activation and the enhancement of secondary growing follicles, which is in agreement with previous studies (Scott et al. 2004 , Xu et al. 2009 ).
We found that progesterone level was notably increased in the VEGFA 165 group. We speculate that this result is related to the higher level of ROS observed in the VEGFA 165 group as described earlier. Also, it seems that the lower level of progesterone in the VEGFA 165 + fetuin group is related to the effects of fetuin on the reduction of ROS levels in this group. Although ovarian tissue biopsy obtained from fertile donors undergoing Caesarean section is encouraged (Smitz et al. 2010) , it remains to be tested whether pregnancy could affect the steroid hormone production of ovarian follicles during in vitro culture of ovarian cortical fragments.
In conclusion, the present study provides useful evidence that follicle parameters are enhanced by the supplementation of ovarian cortex culture systems with a combination of VEGFA 165 and fetuin. The observation that VEGFA 165 in combination with fetuin leads to resting follicle activation and development and increased percentage of healthy secondary growing follicles would also be useful in the development of ovarian culture systems as an alternative option for fertility preservation in cancer patients in whom transplantation of ovarian cortical tissue is avoided.
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